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Due to the size-tunable properties and their potential application in many areas, 
nanocrystals (NCs) have been the focus of research over the past several decades.  Among 
them, germanium (Ge) NCs are promising candidates for many optical applications such as 
LEDs and integrated photonics.  In this thesis, we report the solid-state synthesis of Ge NCs 
from a chloride-derived germania (GeOX) glass as well as colloidal synthesis of Ge NCs at 
room temperature.  For the solid-state synthesis, we use GeCl2 · dioxane as the precursor and 
performed hydrolysis to get GeOX glass, which was then thermally annealed at elevated 
temperatures. The formation of Ge NCs were confirmed by X-ray diffraction, transmission 
electron microscopy and Raman microscopy. X-ray photoelectron spectroscopy and Raman 
microscopy indicate that the decomposition of GeOX glass and formation of small Ge NCs 
starts at 250 °C or lower. We demonstrate the GeOX glass contains residual chlorine, which is 
speculated to contribute to the formation of Ge NCs at relatively low temperatures.  The 
obtained Ge NCs were passivated with terminal alkenes via hydrogermylation to increase 
dispersibility in organic solvents and stability against oxidation.  For the colloidal synthesis, 
germanium halides are used as precursors with trisilane as a reducing agent.  The reaction 
takes place at room temperature. Transmission electron microscopy, selected area electron 
diffraction and Raman microscopy confirm the formation of Ge NCs. This thesis serves to 
provide simple synthesis methods for Ge NCs that can be utilized for large-scale synthesis, 
and opens avenues for other research projects aiming to achieve low temperature synthesis of 
NCs.   
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CHAPTER 1. INTRODUCTION 
Semiconductors are everywhere in modern society, being used in various aspects such 
as light emitting diodes, field effect transistors and solar cells. These semiconductors can 
provide energy to power satellites as well as to run our computers and phones, making them 
essential in our life. The demand for better functionality and performance of electronic 
materials requires improvement in what semiconductor materials provide. To achieve this 
goal, new semiconductor materials are promising. Many semiconductors can function as 
optoelectronic materials.1 Integrated photonics, for example, uses light for data transfer 
instead of electricity, which improve the speed and energy efficiency of 
telecommunications.2 In addition, integrated photonics have smaller size and decreased 
weight compared to electronics. One application of integrated photonics is to help solve the 
problem for the increasing demand for telecommunication bandwidth.2 One barrier for 
developing integrated photonics is that crystalline Si, the backbone of the current electronics, 
has an indirect bandgap, a consequence of this is that crystalline Si does not absorb or emit 
light efficiently. There has been progress in using III-IV materials in integrated photonics, 
however, these materials are difficult to scale up and have poor compatibility with Si in terms 
of lattice parameter and thermal expansion coefficient. 3 Therefore, it is essential to 
synthesize materials that are compatible with existing electronics architectures with desired 
optical properties in large-scale. An alternative approach is to make Si emit light more 
efficiently. One promising method to achieve this goal is to make Si nanostructures, such as 
Si quantum dots, which have demonstrated promise in this regard. 
A quantum dot (QD) is a nanostructure that confines the motion of conduction band 
electrons and valence band holes in all three spatial directions.4 When the size of a 
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semiconductor crystallite is smaller than twice the size of its exciton Bohr radius, the 
electrons and holes are confined and quantum confinement occurs.4,5  Quantum dots, also 
normally referred as nanocrystals, have attracted immense attention since the initial 
discovery in 1980s due to their unique size-dependent properties and potential applications in 
many areas including photovoltaics, light emitting diodes, photodetectors, biosensors and 
displays. 4,6,7 For example, by adjusting size, CdSe NCs exhibit photoluminescence (PL) in 
the entire visible light range and PbS NCs exhibit PL in the infrared range.5–11 However, 
many of these quantum dot materials contain toxic elements such as Pd and Cd, which limits 
their large-scale application. The issue of toxicity has motivated the search for other 
nanocrystal systems, including Group IV semiconductors (Si, Ge, Sn). Si NCs have been 
shown to have size-dependent optical properties,15 which is promising for the application in 
light emitting diodes and lasers. For the purpose of applying integrated photonics in the area 
of telecommunications, the semiconductor materials are required to have near-infrared 
emission, ideally in the range of ~1200 - 1600 nm due to the current telecommunication 
infrastructure. 16 However, bulk Si has a band gap of 1.1 eV (~1100 nm) at room temperature 
and quantum confinement will result in an increase in band gap, which means Si NCs will 
always have a bandgap higher than 1.1 eV and cannot emit light in the range for 
telecommunications.15 This makes Ge a more promising alternative for the near-infrared 
applications since Ge has a larger Bohr exciton radius (24.3 nm vs 4.9 nm)17,18 and a smaller 
bandgap (0.67 eV vs 1.1 eV at room temperature).19,20 The large Bohr exciton radius makes 
Ge sensitive to quantum confinement effect, yielding wide tunable optical properties. The 
bandgap of Ge is 0.67 eV at room temperature, which means quantum confinement effect 
will likely result in a band gap that falls in the range of ~1200 – 1600 nm by adjusting size.  
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Based on these characteristics, Ge nanocrystals (NCs) are expected to be useful in 
applications including photodetectors and light-emitting.21–23 
Motivated by the potential application of Ge NCs in integrated photonics, this thesis 
aims to study synthetic approaches for Ge NCs that can be scaled appropriately. There have 
been prior reports on the synthesis of Ge NCs. For example, Lee et al. developed the 
colloidal synthesis of Ge NCs with infrared emission,23 Javadi et al.20,24 and Sun et al.25 
synthesized Ge NCs with a solid-state method using GeO2 as precursor. However, there is a 
lack of a robust synthesis method of Ge NCs in large scale that does not require expensive 
equipment or hazardous processing steps. This thesis aims to develop strategies to produce 
Ge NCs with different approaches as well as further understand the formation of Ge NCs 
under different conditions. Moreover, the strategies developed in this thesis can be extended 
to other semiconductor NC synthesis and serve as a first-step in the development of 
semiconductor materials with emission in the infrared. Chapter 2 is a review of the literature 
for synthesizing Ge NCs. The methodologies and results for synthesizing Ge NCs using a 
solid-state approach and characterizing their properties are presented in Chapter 3. Chapter 4 
focuses on synthesizing Ge NCs using a colloidal method and the characterization of the 
NCs, and then Chapter 5 contains a summary for the work in this thesis and a discussion on 







CHAPTER 2. REVIEW OF LITERATURE 
 
Semiconductor nanocrystals, as briefly discussed in Chapter 1, have shown promise 
for application in optoelectronic devices. This chapter will further discuss the general 
properties of semiconductor and nanocrystals. Ge nanocrystals will be introduced and their 
potential for optoelectronics will be discussed. Next, a brief review of the previously reported 
synthesis methods for Ge NCs will be provided. This review of topics will provide 
theoretical and contextual background for the work presented in the following chapters.  
There are three classes of materials – metals, semiconductors and insulators - that can 
be distinguished based on their electronic properties. Energy states of a material separates a 
valence band that is comprised of valence electrons and conduction band that has empty 
states accessible by electrons upon excitation. Band gap refers to the energy difference 
between the valence band maximum and the conduction band minimum, representing the 
minimum energy that is required to promote an electron from the valence band to the 
conduction band. Metals have very small or no band gap since their valence band and 
conduction band overlap, semiconductors have a small band gap while insulators have a large 
band gap. 26 
Semiconductor materials are particularly useful in the application in optoelectronic 
devices since their band gap can be utilized to produce current or light. Upon the input of 
energy in form of heat, light or electricity, excitation can occur, where electrons in the 
valence band are excited to the conduction band. The excited electrons can relax back to 
valence band from conduction band by emitting light. However, some semiconductor 
materials have an indirect band gap, which means the bottom of the conduction band does 
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not align with the top of the conduction band align in the same k-space, which is the space 
representing the Fourier transform of a spatial function.  In an indirect band gap material, an 
absorption of a photon can excite an electron from the valence band to the conduction band, 
however the photon is required to have an energy that is high enough to make the transition 
of an electron from the valence band to the conduction band at that k value, which means a 
photon with an energy much greater than the bandgap is needed to excite an electron An 
alternative to have the transition is to have a simultaneous collision of a photon and a phonon 
by an electron for it to be excited from valence band to conduction band, which makes the 
process a three-body collision and have a low probability. This means the absorption and 
emission of light of an indirect band gap material is inefficient. 5,26 
One approach to increase the efficiency of absorption and emission is to introduce 
quantum confinement that is known to shift the optical gap of the nanocrystal. In general, 
quantum confinement occurs when the size of a semiconductor crystalline is smaller than 
twice the size of its exciton Bohr radius. A semiconductor crystal with such a small size is 
often referred to a quantum dot. In a quantum dot of a semiconductor with indirect band gap, 
the exciton is spatially confined, therefore their wave functions are delocalized in the k-
space, which results in the overlap of wavefunction and electron-hole recombination.5 
Nowadays, silicon is the backbone for electronics due to its earth abundance, low 
cost, biocompatibility, and its stable and high quality interface with its native oxide (SiO2).27–
31 However, Si/SiO2-based transistors are approaching the limit for further scaling down, thus 
hindering their usage in the future high performance electronics devices.32 This has 
motivated a search for alternatives, such as Ge. Ge has some advantages compared to Si: it 
has a narrower band gap (0.67eV vs 1.1eV), larger Bohr exciton radius (12nm vs 5nm) and 
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higher electron and hole mobility (≤3900 vs ≤1500 cm2/V·s).17–20,33,34 The large Bohr exciton 
radius make Ge sensitive to quantum confinement effect and have a wide range of optical 
properties tunability. Based on these characteristics, Ge nanocrystals (NCs) are expected to 
be useful in optoelectronic devices, especially in integrated photonics that requires emission 
in the infrared range. 20 
Several methods for synthesizing Ge NCs have previously been reported, including 
solution-phase synthesis from Zintl salts,35,36 high temperature supercritical fluid treatment of 
organogermane,37,38 plasma synthesis from GeCl4,39–41 ball milling of bulk Ge,42 thermal 
annealing of amorphous germanium monoxide (GeO),43  thermal processing of sol-gel 
derived from organogermanium,44–48 microwave-assisted colloidal synthesis,49,50 colloidal 
synthesis from the reduction of Ge(II) and Ge(IV) precursors at elevated temperature.23,44,51,52 
Most of these approaches require high temperature or high energy supply. There are also 
reports about room temperature synthesis of Ge NCs from germanium halide with reducing 
agents or in reverse micelles.53–55 More recently, there have been reports from two research 
groups that detail synthetic approaches for solid state synthesis of Ge NCs from 
Ge(OH)2.20,24,25 In these reports, Ge(IV) was reduced to Ge(II) by hypophosphorous acid and 
precipitated from aqueous solution in the form of Ge(OH)2 by adding ammonia, followed by 
drying and thermal annealing. However, these methods are relatively complicated for 
synthesizing Ge(OH)2 precursor. Inspired by the report that Ge(OH)2 can be simply 
synthesized by hydrolyzing GeCl2,56 in chapter 3, a facile route for solid state synthesis of Ge 
NCs from commercially available GeCl2·dioxane is described. In a typical procedure, 
degassed deionized H2O was added to GeCl2·dioxane. Room temperature synthetic methods 
for Ge NCs are rare, partially due to the difficulty of crystallizing Ge.  
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In chapter 4, a one-pot colloidal method is reported to synthesize Ge NCs at room 
temperature with trisilane. Trisilane has a high formation and decomposition energy.57–60 As 
a strong reducing agent, trisilane has been applied for synthesis of nanowire, nanorod and 
nanocrystal.61–65 Based on this literature, we hypothesized that Ge nanocrystals could be 
synthesized with trisilane colloidally at room temperature.  GeI2, a common chemical for Ge 
nanocrystal synthesis, was initially used as the precursor. Characterization methods, such as 
TEM and Raman, confirmed the presence of Ge nanocrystals. GeI2 was then replaced with 






CHAPTER 3. SYNTHESIS OF GERMANIUM NANOCYRSTALS FROM SOLID-
STATE DISPROPORTIONATION OF CHLORIDE-DERIVED GERMANIA 
GLASS  
Modified from a paper submitted to the Chemical Communications Journal, 2019, titled 
“Synthesis of Germanium Nanocrystals from Solid-State Disproportionation of a Chloride 
Derived Germania Glass” 
Yujie Wang,a Utkarsh Ramesh,a Charles K. A. Nyamekye,bc Bradley J. Ryan,a Rainie D. 
Nelson,a Abdulla M. Alebri,a Umar H. Hamdeh,a Atefe Hadi,a Emily A. Smith,bc Matthew G. 
Panthani *a 
a. Department of Chemical and Biological Engineering, Iowa State University, Ames, IA 
50011, USA. E-mail: panthani@iastate.edu. 
b. Department of Chemistry, Iowa State University, Ames, IA 50011, USA. 
c. Ames Laboratory, U.S. Department of Energy, Ames, IA 50011, USA 
3.1 Experimental Methods 
Materials: GeCl2·dioxane was purchased from Gelest. Ethanol was purchased from 
Fisher (200 proof). Chloroform (99.8%), anhydrous ethanol (≤0.003% water), anhydrous 
toluene (99.8%), anhydrous isopropanol (99.5%), and hydrofluoric acid (HF, 48%) were 
obtained from Sigma Aldrich. 1-octadecene (98%) was purchased from Acros Organics. 
Deionized water was obtained using Milli-Q® Advantage A10 water purification system with 
a resistivity of 18.2 MΩ•cm. 
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Hydrolysis of GeCl2: In a typical process, 100 mL of degassed deionized water was 
added to 25 g of GeCl2·dioxane in a N2-filled glovebox, yielding a yellow turbid suspension 
immediately. The suspension was then centrifuged to obtain a yellow centrifugate with a 
colorless supernatant. The centrifugate was transferred into a three-neck round-bottom flask, 
sealed, brought out of the glovebox, and connected to a Schlenk line. The centrifugate was 
dried in the flask under vacuum on a hotplate set at 130 °C for ~15 h. A final yellow powder 
was obtained for the hydrolyzed and dried GeCl2 sample. 
Synthesis of Oxide-Embedded Ge NCs: The hydrolyzed and dried GeCl2 was 
ground manually with a ceramic mortar and pestle to a fine powder; ~1 g of the fine powder 
was placed in an alumina boat, and loaded into a tube furnace (MTI Corporation, model: 
GSL-1500X). The tube furnace was sealed and then purged with N2 for 3 h with a flow rate 
around 1 bubble per second to remove air in the tube. The samples were heated at a rate of 10 
°C/min under flowing N2 to 250 °C and held at this temperature for 2 h for dehydration. 
Further heating of the samples to peak processing temperatures between 300 and 450 °C was 
performed in 25 °C increments; the peak temperature was held and held at those temperatures 
for 1 h before cooling down to room temperature naturally. 
Hydrogermylation of Ge NCs: Oxide-embedded Ge NCs (0.25 g) were finely 
ground with a ceramic mortar and pestle. The powder was suspended in 10 mL deionized 
water and stirred on a hotplate set to 60 °C for 1 h before allowing it to cool down to room 
temperature. 8 mL hydrofluoric acid (HF) was added to the suspension (Caution! HF must be 
handled with extreme care and in accordance with local regulations) and after stirring for 30 
min, the mixture was centrifuged at 8000 rpm for 5 min. The centrifugate was suspended in 
~12.5 mL 200 proof ethanol and precipitated out by centrifugation (twice), then suspended in 
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~7.5 mL chloroform before finally being suspended in 30 mL 1-octadecene. The suspension 
was transferred to a 100 mL three-neck round-bottom flask attached to a Schlenk line, 
followed by exposing to three freeze-pump-thaw cycles to remove dissolved gases. The N2 
filled flask was heated to 200 °C while stirring at 500 rpm for 20 h. The mixture was cooled 
down to room temperature and transferred into a N2 filled glovebox. The suspension was 
centrifuged at 7830 rpm for 10 min, to remove poorly-capped NCs. The brown, optically 
clear supernatant was observed and retained. 10 mL anhydrous ethanol and 5 mL anhydrous 
isopropanol were added to the obtained supernatant and centrifuged at 7830 rpm for 10 min. 
There were two phases after centrifugation; the upper phase was clear and colorless which 
was discarded, while 10 mL anhydrous isopropanol was added to the brown bottom phase. 
The mixture was centrifuged at 7830 rpm for 20 min, followed by removal of the clear and 
colorless supernatant. Anhydrous toluene (3 mL) was added to the centrifugate to obtain a 
uniform dispersion. Anhydrous ethanol (5 mL) was added to the dispersion and the mixture 
was centrifuged at 7830 rpm for 15 min. The preceding antisolvent precipitation/redispersion 
process was carried out nine more times to remove excess 1-octadecene with 2 mL 
anhydrous toluene as solvent and 3 mL anhydrous ethanol as antisolvent.  
3.2 Characterization 
Powder X-ray diffraction (XRD) patterns were collected with a Bruker DaVinci D8 
Advance diffractometer with a Cu Kα radiation source.  
Transmission electron microscopy (TEM) was performed using a FEI Tecnai G2-
F20 instrument operated at 200 kV. For a typical TEM sample preparation, 0.03 g of the 
oxide-embedded Ge NCs was ground in a ceramic mortar and pestle and suspended in 1.5 
mL deionized water. The dispersion was heated to 60 °C while stirring at 500 rpm for 1.5 h 
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before diluting and depositing onto an ultra-thin carbon-coated Cu TEM grid. TEM of 1-
octadecene-passivated Ge NCs was prepared by drop-casting a dilute toluene dispersion onto 
an ultra-thin carbon-coated Cu TEM grid.  
X-ray photoelectron spectroscopy (XPS) measurements were performed with a 
Physical Electronics PHI ESCA 5500 unit. The sample was irradiated with 250 W 
unmonochromated Al K-alpha X-rays. The pass energy was set to 24 eV for high resolution 
scans. CasaXPS Version 2.3.19PR 1.0 was used to process raw data files. Binding energies 
were calibrated using the C 1s peak as a reference (284.6 eV) and a Shirley background 
model was applied during peak fitting. Peak contributions from Ge4+, Ge2+ and Ge0 were 
fitted using a 30% Gaussian/70% Lorentzian profile centered at 33.2, 31.2 and 30.2 eV, 
respectively. 
Raman spectroscopy was performed on the Ge NCs at each annealing temperature 
between 250 to 450 °C and the precursor GeCl2·dioxane complex using a commercially 
available XploRA Plus Raman confocal upright microscope (HORIBA Scientific, Edison, 
New Jersey) equipped with an Olympus objective (10X magnification, 0.25 numerical 
aperture). Raman spectra were collected in the epi-direction using a 300 𝜇𝜇m confocal 
pinhole. A 600 grooves/millimeter grating (1400 cm-1 center wavelength) was used to collect 
the spectrum of GeCl2·dioxane precursor and a 2400 grooves/millimeter grating (350 cm-1 
center wavelength) was used to collect the spectra of annealed samples. The Ge NCs were 
placed onto a glass slide and irradiated with a 7.3 × 104 W cm-2 solid-state 532-nm diode 
laser producing a 16.8 ± 0.3 𝜇𝜇m laser spot size at the sample. The acquisition time was 10 s 
with five accumulations. The data were plotted using IGOR Pro (WaveMetrics, Inc., 
Portland, OR).  
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Fourier transform infrared (FTIR) spectroscopy measurements were collected 
using a Bruker Tensor 37 spectrometer. Sample pellets were obtained by mixing a small 
amount of a sample with KBr powder and the mixture was pressed by a hydraulic jack. The 
pellet was then placed inside a sample compartment in the FTIR spectrometer, from which 
transmission data were obtained through single beam measurements. Empty KBr pellet was 
prepared the same way and measured as background. An average of 16 scans was used for 
each sample. FTIR data were processed using the OPUS software package, which allowed 
for subtraction of atmospheric features (water and carbon dioxide) and baseline corrections. 
 
3.3 Results and Discussion 
     We use powder X-ray diffraction (XRD) to identify the processing 
temperature at which crystalline Ge begins to appear (Figure 1). The XRD pattern of 
the hydrolyzed GeCl2·dioxane (prior to annealing) exhibits broad amorphous features 
centered around 31.4 ° and 50.8 ° 2θ. Previous studies from Javadi et al.20,24 and Sun et 
al.25 also reported amorphous features from GeO2-derived GeO prior to annealing; 
however these amorphous scattering features were at slightly lower angles (27.5 ° and 
50 ° 2θ) and were attributed to amorphous germanium.28,29 The different positions of 
the amorphous features in the precursors indicate that our samples may possess a 
different composition from the previous studies. The precursor remains amorphous 
through dehydration at 250 °C, and upon continued heating up to 325 °C. Upon heating 
to 325 °C, peaks corresponding to diamond cubic Ge and hexagonal GeO2 emerge. At 
higher temperatures, the relative intensities of cubic Ge reflections increase relative to 
the features corresponding to the amorphous GeOX. There is relatively little signal 
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indicating the presence of amorphous GeOX for samples processed at temperatures 
greater than 400 °C, suggesting that the GeOX is mostly converted to crystalline Ge and 
GeO2. We note the products that are exposed to environments with relatively high 
humidity (RH ≥50%) have reflections corresponding to hexagonal GeO2. However, 
samples that are prepared in low relative humidity (RH ≤ 20%) do not show any  
Figure 1. XRD patterns of hydrolyzed GeCl2·dioxane before and after annealing at various 
temperatures. Cubic Ge reference: PDF # 00-004-0545, hexagonal GeO2 reference: PDF # 
00-036-1463 
reflections corresponding to crystalline GeO2 (Figure 5), and rather only have broad 
amorphous features which we assign to amorphous GeOX, since these features have 
equivalent width and position to the hydrolyzed GeCl2·dioxane. These data suggest that 
the formation of crystalline GeO2 result from exposure to atmospheric moisture. This is 
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in line with a previous experimental study demonstrating that water can cause the 
transformation of amorphous GeO2 to hexagonal crystalline GeO2.66  
 
Figure 2. TEM images of nanocrystals obtained from hydrolyzed GeCl2·dioxane annealed at 
(a) 375 °C and (b) 425 °C. The insets show the corresponding FFT pattern indexed to 
diamond cubic Ge. 
Transmission electron microscopy (TEM) confirms the presence of Ge NCs at 
annealing temperatures at or above 325 °C (Figure 2 and Figure 6), with a measured d-
spacing of 3.3 Å, consistent with the crystalline diamond cubic Ge (111) plane. Particle 
size analysis of TEM images suggests that there is no trend in size with respect to 
processing temperature. This is different from the observation of Javadi et al. of  a clear 
increase in nanocrystal size with increasing annealing temperature.29 The Ge NCs are 
polydisperse and have different morphologies, which could be caused by the two-step 
heating procedure.15 The presence of unreacted precursors and amorphous species are 
also observed in the vicinity of Ge NCs, the presence of which decreased with 
increasing reaction temperature (Figure 7 – 12). This is consistent with XRD data that 








     X-ray photoelectron spectroscopy (XPS) measurements quantify the 
distribution of oxidation states of hydrolyzed GeCl2·dioxane before and after annealing 
at 250 °C. The measurements suggest a disproportionation process occurs during 
thermal annealing (Figure 3 and Figure 13). As shown in Figure 6, prior to annealing, 
the hydrolyzed GeCl2·dioxane has signals from Ge, C, O as well as Cl. The presence of 
Cl likely indicates incomplete conversion of GeCl2·dioxane to Ge(OH)2 during the 
hydrolysis step. High-resolution XPS (Figure 3) of the hydrolyzed GeCl2·dioxane 
before annealing has Ge 3d peak that is dominated by Ge2+, with smaller contributions 
from Ge4+ and Ge0.28,67 The Ge2+ signal is attributed to Ge(OH)2 from hydrolysis and 
unreacted GeCl2, while Ge4+ is attributed to surface oxidation. Due to the lack of 
crystalline features in XRD, the Ge0 signal likely arises from amorphous Ge from the 
precursor. After annealing at 250 °C, the peak becomes broader and signals from Ge0 
and Ge4+ increases while signal from Ge2+ decreases, suggesting that the 




Figure 3. XPS of hydrolyzed GeCl2·dioxane before annealing (a), and (b) after annealing at 
250 °C. Collected data are shown with open circles. Fitted data are shown in solid curves of 
purple (Ge 3d), red (Ge4+), green (Ge2+), and blue (Ge0). 
 
     To better understand the formation of crystalline Ge at unprecedentedly low 
temperatures, we measure the Raman spectra of the GeCl2·dioxane precursor before and 
after hydrolysis (Figure 4 a). The peak of GeCl2·dioxane at 316 cm-1 is attributed to the 
Ge phonon mode of a Ge-Cl stretch,68 and the shoulder around 280 cm-1 is attributed to 
amorphous Ge.68,69 The entire Raman spectrum of GeCl2·dioxane from 200 to 4000 cm-
1 is shown in Figure 14 and detailed Raman peaks assignments are shown in Table 1. 
After hydrolyzing the GeCl2·dioxane, the Ge-Cl stretch becomes relatively weak 
compared to the amorphous Ge signal, but is still present (Figure 4 a). This is consistent 
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with the Cl signal seen in XPS and confirms the presence of GeCl2 before annealing 
(Figure 13). Furthermore, a new Raman peak associated with an O-H bond at 3510 cm-
1 appears after hydrolysis (as shown in Figure 15), indicating that some of the GeCl2 
reacted with water to form Ge(OH)2. The presence of the peak associated with 
amorphous Ge is consistent with the XPS spectra that has photoemission from Ge0 in 
the hydrolyzed GeCl2·dioxane (Figure 3). 
 
Figure 4.  (a) Baseline-corrected Raman spectra of GeCl2·dioxane precursor before 
hydrolysis (red) and after hydrolysis (blue). (b) Normalized Raman spectra of hydrolyzed 
GeCl2·dioxane annealed at temperatures between 250 and 450 °C. 
After thermally annealing the hydrolyzed precursor at temperatures greater than 
or equal to 250 °C, peaks corresponding to Ge-Ge begin to appear, with Raman shift of 
around 285 cm-1 (Figure 4 b). This presumably indicates the formation of small Ge NCs 
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or possibly amorphous nuclei at temperatures as low as 250 °C, consistent with the 
observation of Ge0 from XPS at 250 °C.  As shown in Fig 4 b, the Raman peaks become 
more symmetric, sharper, and shift to higher wavenumbers with increasing processing 
temperatures (see Figure 16 for more details).  Qualitatively, the change in peak shape 
indicates that the size of the Ge NCs increases with temperature, as is predicted by the 
phonon confinement model.41,68,70,71  
     Compared to previous reports of Ge NC synthesis from oxide 
disproportionation, the approach reported here results in the formation of crystalline Ge 
at relatively low temperatures.19,29,30,38 While further work must be done to compare the 
crystallization dynamics between these approaches, there are some hints as to what 
could cause the different crystallization temperature. As previously mentioned, the 
XRD pattern of the hydrolyzed product has different amorphous feature locations from 
previous reports. Also, Raman and XPS results imply the presence of Ge-Cl bonds. (See 
Figure 16 for the survey XP spectrum of hydrolyzed GeCl2·dioxane). Ge-Cl bonds have 
a lower dissociation energy than Ge-O (390 kJ mol-1 and 657.5 ± 4.65 kJ mol-1, 
respectively), suggesting Ge-Cl bonds can dissociate at a lower temperature than Ge-O 
bonds.72 We speculate that this could contribute to the formation of Ge NCs at lower 
temperatures.   
The Ge NCs are functionalized using hydrogermylation. Briefly, the annealed 
GeOX glass is etched with warm water to dissolve GeO2 and liberate freestanding Ge 
NCs, which are then dispersed in HF to terminate Ge NCs with hydrogen atoms.27,28,32,73 
Finally, the H-terminated Ge NCs are dispersed in 1-octadecene and heated to 200 °C 
in an inert atmosphere to initiate hydrogermylation, terminating the Ge NC surfaces 
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with 1-octadecene. TEM of the passivated sample suggest that the GeO2 and precursors 
are removed (Figure 17). The main lattice spacing in selected area electron diffraction  
(3.3, 2.0, and 1.7 Å) corresponds to crystalline Ge, confirming the presence of Ge NCs. 
Fourier transform infrared spectroscopy shows the presence of Ge-C stretching mode, 
indicating the success of surface passivation (Figure 18). 
We attempt to measure photoluminescence (PL) from the hydrogen-terminated 
and 1-octadecene-terminated samples; however, no PL is detected in any sample. The 
absence of PL could arise from surface defects, dangling bonds from etching, 
impurities, or surface species that are not adequately removed during the etching 
process. The absence of PL is also reported for Ge NCs obtained using similar oxide-
based solid-state synthesis.28 
3.4 Conclusion 
 In conclusion, we report the synthesis of Ge NCs using solid-state 
disproportionation of a chloride-derived GeOX glass. XRD and TEM results show the 
presence of crystalline Ge particles at processing temperature as low as 325 °C. XPS 
and Raman spectra provide insights into the mechanism by which the NCs are formed, 
with residual Cl present in the GeOX precursor and Ge with short-range order being 
formed at temperatures as low as 250 °C. XRD data indicates the GeOX precursor has 
amorphous features that are shifted to a higher 2θ compared to prior reports. The Ge 
NCs obtained with this method can be surface-passivated with an organic ligand using 
hydrogermylation. Compared to other methods for creating Ge NCs, this method takes 
relatively little time and does not require the use of strong acids or highly exothermic 
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reactions and thus has potential for being scaled up easily, providing a promising route 
for large-scale synthesis of Ge NCs for various applications. 
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Figure 5. XRD patterns of annealed samples at different temperatures taken when the 
humidity was low (RH ≤ 20%). Cubic Ge reference: PDF # 00-004-0545, hexagonal GeO2 





Figure 6. TEM images of nanocrystals obtained from hydrolyzed GeCl2·dioxane annealed at 









Figure 8. TEM of hydrolyzed GeCl2·dioxane annealed at 425 °C.  
 
 





Figure 10. TEM of hydrolyzed GeCl2·dioxane annealed at 375 °C.  
 
 










Figure 13. Survey XP spectrum of hydrolyzed GeCl2·dioxane without annealing. The 
spectrum shows Ge, C, O and Cl. Signals assigned by an ‘*’ are related to Ge LMM. Ratio 








Figure 14. Raman spectra of GeCl2·dioxane acquired with (a) 2400 grooves/mm and (b) 600 
grooves/mm gratings. The spectra were acquired for 10 s with a 3.60 mW 532 nm excitation 
laser. The Raman peak assignments and vibrational modes can be found in Table 3.1.  
 
 















Raman Shift (cm-1) Assignment  / Vibrational Modes d  
282 Amorphous Ge 
314 Ge phonon mode of Ge-Cl stretch 
420 Symmetric stretching of GeO2 Terminal Ge-Cl stretching mode 
470 O-C-C deformation mode of dioxane 
485 Ge-Cl stretch 
821 C-O-C symmetric stretch 
1014 C-C stretch 
1083 C-C stretch and 
1124 H-C-C bend 
1214 C-O-C antisymmetric stretch 















Figure 15. Raman spectra of GeCl2·dioxane before and after hydrolysis. The OH stretching 
vibrational mode is shown at 3510 cm-1. The spectrum was collected for 10 s with a 3.60 mW 




Raman Shift (cm-1) Assignment  / Vibrational Modes d  
1398  
1438 
2728 C-H stretch 2786 
2863 
asymmetric/symmetric C-H stretch 2929 
2992 
d References for the indicated peak assignments and vibrational modes can be 




Figure 16. (a) Annealing temperature dependence of Ge-Ge LO phonon (a) Raman peak 
position and (b) full width at half maximum (FWHM). As the annealing temperature 
increases, the Ge LO phonon peak is shifted to higher wavenumbers and the FWHM 
decreases. The patterns are consistent with quantum confined excitons in nanocrystals of 
increasing size.47 The uncertainties represent standard deviations from five spectra collected 






Figure 17. (a)TEM of octadecene-passivated Ge NCs from annealing hydrolyzed 







Figure 18. Normalized FTIR spectrum of background and octadecene-passivated Ge NCs 

















CHAPTER 4. COLLOIDAL SYNTHESIS OF TIN AND GERMANIUM 
NANOCYRSTALS AT ROOM TEMPERATURE 
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4.1 Experimental Methods 
Materials: GeCl2·dioxane and trisilane (98%) were purchased from Gelest. GeI2 was 
purchased STREM (99.99%) and Sigma Aldrich (99.8%). Octylamine (99%) was purchased 
from ACROS organics and degassed with 3 freeze-pump-thaw cycles under Schlenk line and 
brought into glovebox before using. Oleylamine (70%) was obtained from Sigma Aldrich and 
degassed under vacuum under Schlenk line and brought into glovebox before using. 
Bis[bis(trimethylsilyl)amino]tin(II) (Sn(HMDS)2), Lithium bis(trimethylsilyl)amide 
(LiHMDS, 97%), anhydrous ethanol (≤0.003% water), anhydrous toluene (99.8%) were 
obtained from Sigma Aldrich. 
Synthesis of Sn nanocrystals from Sn(HMDS)2 with oleylamine: All steps were 
conducted inside a N2-filled glovebox unless otherwise stated. In a typical process of Sn NCs 
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from Sn(HMDS)2, 2 mL of anhydrous toluene and 20 µL oleylamine and 1 µL trisilane was 
added to a 4 mL, followed by 40 µL Sn(HMDS)2. The original colorless solution turned brown 
over time.  
Synthesis of Sn nanocrystals from Sn(HMDS)2 without oleylamine: All steps were 
conducted inside a N2-filled glovebox unless otherwise stated. In a typical process of Sn NCs 
from Sn(HMDS)2, 2 mL of anhydrous toluene and 40 µL Sn(HMDS) was added to a 4 mL, 
followed by 1 µL trisilane. The original colorless solution turned brown over time.  
Synthesis of Ge nanocrystals from GeCl2 with octylamine: All steps were conducted 
inside a N2-filled glovebox unless otherwise stated. In a typical process of Ge NCs from GeCl2, 
0.1 mmol of GeCl2·dioxane was dissolved into 2 mL of anhydrous toluene and 36 µL 
octylamine in a 8 mL vial equipped with a stir bar. A transparent and colorless solution was 
obtained after stirring at 550 rpm for a few minutes. 10 µL of trisilane was added quickly. The 
original colorless solution turned yellow, then orange, then brown over a few hours. 24 hours 
later, the reaction was stopped by centrifugation and resuspending into toluene. 
Synthesis of Ge nanocrystals from GeI2 (Gelest) with octylamine: All steps were 
conducted inside a N2-filled glovebox unless otherwise stated. In a typical process of Ge NCs 
from GeI2 without filtration, 0.1 mmol of GeI2 was dissolved into 2 mL of anhydrous toluene 
and 36 µL octylamine in a 8 mL vial equipped with a stir bar. A slightly yellow and light cloudy 
suspension was obtained after stirring at 550 rpm until the orange precipitate disappeared. 10 
µL of trisilane was added quickly. The liquid turned yellow, then orange, then brown over a 




In a typical process of Ge NCs from GeI2 with filtration, 0.1 mmol of GeI2 was 
dissolved into 2 mL of anhydrous toluene and 36 µL octylamine in a 8 mL vial equipped with 
a stir bar. A light yellow and light cloudy dispersion was obtained after stirring at 550 rpm until 
the orange precipitate disappeared. A 0.45 µm filter was used to filter the suspension to obtain 
a transparent and slightly yellow solution.10 µL of trisilane was added quickly. The solution 
turned yellow, then orange, then brown over a few minutes. 24 hours later, the reaction was 
stopped by centrifugation and resuspending into toluene. 
Synthesis of Ge nanocrystals from GeI2 (Sigma Aldrich) with oleylamine without 
LiHMDS: All steps were conducted inside a N2-filled glovebox unless otherwise stated. In a 
typical process of Ge NCs from GeI2 without filtration, 0.1 mmol of GeI2 was dissolved into 1 
mL of anhydrous toluene and 200 µL oleylamine in a 8 mL vial equipped with a stir bar. A 
slightly yellow and transparent suspension was obtained after stirring at 550 rpm until the 
orange precipitate disappeared. 2 µL of trisilane was added quickly. The liquid turned yellow, 
then orange, then brown over a few minutes. 24 hours later, the reaction was stopped by 
centrifugation and resuspending into toluene.  
Synthesis of Ge nanocrystals from GeI2 (Sigma Aldrich) with oleylamine with 
LiHMDS: All steps were conducted inside a N2-filled glovebox unless otherwise stated. In a 
typical process of Ge NCs from GeI2 without filtration, 0.2 mmol of GeI2 was dissolved into 2 
mL of anhydrous toluene and 100 µL oleylamine, then 200 µL of 0.5 M LiHMDS-in-toluene-
solution was added. A slightly yellow and transparent suspension was obtained after stirring at 
550 rpm until the orange precipitate disappeared. 5 µL of trisilane was added quickly. The 
liquid turned yellow, then orange, then brown over a few minutes. 24 hours later, the reaction 
was stopped by centrifugation and resuspending into toluene.  
33 
 
Washing process of the synthesized Ge nanocrystals: All steps were conducted 
inside a N2-filled glovebox unless otherwise stated. In a typical washing process, the reaction 
suspension was centrifuged at 7830 rpm for 20 min. Orange brown precipitate was obtained, 
the transparent and colorless or slightly orange supernatant was discarded. The precipitate was 
then suspended into 2 mL toluene. The obtained suspension was centrifuged at 7830 rpm for 
20 min. This process was repeated 4 more times and the precipitate obtained was suspended 
into 0.8 mL toluene.  
4.2 Characterization 
Powder X-ray diffraction (XRD) patterns were collected with a Bruker DaVinci D8 
Advance diffractometer with a Cu Kα radiation source. The obtained suspensions were 
centrifuged and the precipitates were collected and dried inside glovebox. The obtained 
material was transferred into the XRD holder, then capped with Kapton tape to minimize air 
exposure during the measurement.  
Transmission electron microscopy (TEM) was performed using a FEI Tecnai G2-F20 
instrument operated at 200 kV. For a typical TEM sample preparation for Sn nanocrystals, the 
sample was diluted with toluene without further washing, followed by drop-casting the dilution 
onto an ultra-thin carbon-coated Cu TEM grid. For a typical TEM sample preparation for Ge 
nanocrystals, the reaction suspension was centrifuged at 7830 rpm for 20 min. Orange brown 
precipitate was obtained, the transparent and colorless or slightly orange supernatant was 
discarded. The precipitate was then suspended into 2 mL toluene. The obtained suspension was 
centrifuged at 7830 rpm for 20 min. This process was repeated 4 more times and the precipitate 
obtained was suspended into 0.8 mL toluene. The suspension was then diluted by toluene and 
drop-casted onto an ultra-thin carbon-coated Cu TEM grid.  
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Raman spectra of the Ge NCs synthesized (solid) were acquired with a XploRA Plus 
Raman confocal microscope (HORIBA Scientific, Edison, New Jersey) in the epi-direction 
using an Olympus LWD 20× 0.4NA microscope objective (long working distance 1.2 mm). A 
600 grooves/millimeter grating (spectral range: 35 to 4000 cm-1), a 100 μm slit and a 300 μm 
confocal pinhole were used to collect the spectra of Ge NCs. The sample was acquired with a 
1.36 × 103 W cm-2 solid-state 532-nm diode laser producing an 8.1 ± 0.3 μm laser spot size. 
The acquisition time was 60 s with two accumulations for removal of cosmic rays. The data 
were analyzed and plotted using IGOR Pro (WaveMetrics, Inc., Portland, OR).  
Absorption spectra were collected using a Perkin-Elmer Lambda 750 
spectrophotometer. The reaction liquid was diluted with toluene for the measurement. For the 
absorption spectra collected for Ge nanocrystals synthesized with octylamine after filtration, 
0.5 mL of the dispersion was diluted with 2.5 mL anhydrous toluene inside glovebox and 
transferred into the spectrophotometer for data collection immediately. The spectra for each 
sample was collected twice and the second spectra were used for data processing and analysis 
since the dispersion was not transparent, the second spectra had less effect from scattering.   
 
4.3 Results and Discussion 
 
4.3.1 Sn nanocrystals  
 
Previous studies demonstrate that Sn nanocrystals can be synthesized at room 
temperature in squalane from Sn(HMDS)2 with trisilane as the reducing agent and 
poly(vinylpyrrolidinone)hexadecane copolymer (PVP-HDE) as stabilizing agent.61 This 




Figure 19. TEM image of Sn nanocrystals synthesized with oleylamine.  
 
and stabilizing agent since PVP-HDE is difficult to wash after synthesis. Therefore we 
explored the usage of other ligand such as oleylamine and a more common organic solvent 
such as toluene. The reaction was conducted with and without oleylamine. As shown in 
Figure19, nanocrystals are present for the reaction that was conducted with oleylamine, the 
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nanocrystals are quasi-sphere and polydisperse, while the size is normally below 5 nm. XRD 
shown in Figure 20 confirms the presence of metallic Sn. Surprisingly, nanocrystals also 
formed without oleylamine as the stabilizing agent and the nanocrystals seen in TEM are not 
relatively monodisperse, as shown in Figure 21. 
 













Figure 22. TEM image of Ge nanocrystals synthesized with oleylamine.  
Ge has a higher melting point than Sn, which indicates Ge requires a higher 
temperature or energy input to crystallize. Inspired by the fact that Sn nanocrystals formed at 
room temperature with the reduction from trisilane, we hypothesized Ge nanocrystals could 
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be synthesized with a similar approach. Unlike Sn(HMDS)2, which was a liquid, toluene 
itself did not dissolve GeI2, while the mixture of toluene and oleylamine or oleylamine itself 
dissolved GeI2. So the mixture of toluene and oleylamine was used as the solvent to dissolve 
GeI2 and oleylamine was also expected to as stabilizing agent for the obtained Ge 
nanocrystals. GeI2 was utilized since GeI2 has been proven to be a valid precursor for Ge 
nanocrystal synthesis with a hot-injection method.23,51   
TEM indicates the presence of nanocrystals with clear lattice, as shown in Figure 22. 
The measured d-spacing is consistent with (111) plane of cubic crystalline Ge. Most of 
nanocrystals seen in TEM are sphere or quasi-sphere.  
 
 
Figure 23. XRD patterns of Ge nanocrystals synthesized with oleylamine with LiHMDS (red 
curve) and without LiHMDS (blue curve) and the background (green curve). Cubic Ge 
reference: PDF # 00-004-0545. 
 
XRD pattern was collected to demonstrate the presence of crystalline Ge, as shown in 
Figure 23, blue curve. However, no peaks associated with crystalline Ge was present. The 
pattern for the sample is very similar to the amorphous background. While TEM clear 
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indicates the presence of nanocrystals, the reason for the absence of crystalline Ge is 
attributed to the low yield of the reaction.  
 
Figure 24. Absorbance of Ge nanocrystals synthesized in oleylamine without LiHMDS.  
 
 
Figure 25. Raman spectra of Ge nanocrystals synthesized in oleylamine without LiHMDS.  
 
Absorption spectra was measured for the Ge nanocrystals synthesized in oleylamine 
without LiHMDS, as shown in Figure 24. The absorption spectra is smooth and does not 
have a peak, corresponding well with the absorption of Ge nanocrystals.23 To further 
demonstrate the presence of crystalline Ge, we measured Raman spectra of Ge nanocrystals 
synthesized in oleylamine without LiHMDS, as shown in Figure 24. The peak at 290 cm-1 is 
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assigned to Ge-Ge bond. The asymmetric shape of the peak and the shift from bulking 
crystalline Ge indicates that Ge nanocrystals are present, consistent with quantum 
confinement which predicts that the shape of nanocrystals are more asymmetric and the 






Figure 26. TEM image of Ge nanocrystals synthesized with oleylamine and LiHMDS. 
 
 
Figure 27. Absorbance of Ge nanocrystals synthesized in oleylamine with LiHMDS.  
 
The absence of crystalline Ge peak in XRD pattern indicates the low yield of the 
reaction, two approaches were explored to increase the reaction yield. One approach was to 
add LiHMDS to the reaction system since HMDS was demonstrated to aid the formation of 
Ge nanocrystals in colloidal synthesis.80 The other approach was to increase the amount of 
trisilane added.  
For the first approach, LiHMDS was dissolved in toluene and added to the solution 
before adding trisilane. TEM indicate the presence of nanocrystal with clear lattice, as shown 
in Figure 26. The measured d-spacing in Figure 26 (a) is consistent with (200) plane of cubic 
Ge. The overall size of the nanocrystals are larger than Ge nanocrystals synthesized without 
LiHMDS. However, there is no peaks corresponding to crystalline Ge in XRD pattern, as 
shown in Figure 23, red curve, which indicates the yield of the reaction does not improve 
with the addition of LiHMDS, or the increase is not enough to be demonstrated by XRD. 
Figure 27 shows the absorption spectra of Ge nanocrystals synthesized with LiHMDS. The 
42 
 
absorption spectra is also featureless, same as the spectra for Ge nanocrystals synthesized 




Figure 28. TEM image of Ge nanocrystals synthesized with oleylamine and increased 
amount of trisilane.   
 
For the second approach, a five time of trisilane was used in the reaction compared to 
the typical synthesis. TEM indicates the presence of nanocrystals, as shown in Figure 28. The 
size of the nanocrystals are similar to the nanocrystals synthesized with regular amount of 
trisilane. XRD and other characterization techniques are needed to provide information to 




4.3.3 Ge nanocrystals from GeI2 with octylamine 
As mentioned previously, XRD patterns indicate the absence of crystalline Ge, 
indicating the low yield of the reaction, and the addition of LiHMDS did not improve the  
 
 
Figure 29. (a) TEM image of Ge nanocrystals synthesized with octylamine and (b) energy-
dispersive X-ray spectrum (EDS) of the area in (a).  
 
yield. We hypothesized the reason for the low yield was that the amount of oleylamine used 
was in excess, a reduction usage of oleylamine, especially replacing oleylamine with an 
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organic amine with shorter hydrocarbon chain, would improve the reaction yield. To test this 
hypothesis, oleylamine was replaced with octylamine in the synthesis. Also, to minimize the 
amount of amine used, the solubility of GeI2 in the mixture of amine and toluene was tested. 
A molar ratio of 1 to 1 between GeI2 and octylamine or oleylamine was needed to fully 
dissolve GeI2. We hypothesized a complex between GeI2 and octylamine or oleylamine 
formed during this process. Further investigation is needed to fully understand the structure 
and properties of these complexes. TEM indicate the presence of nanoparticles replacing 
oleylamine with octylamine, as shown in Figure 29. The nanoparticles are quasi-spherical 
and have a size ranging from 10 to 100 nm. EDS demonstrates the presence of Ge, indicating 
the nanoparticles have Ge. Iodide is also present according to EDS. It is possible that iodide 
is on the background instead of in or on the nanoparticles, or iodide is on the surface of the 
nanoparticles, or iodide is incorporate within the nanoparticles. Further investigation is 





Figure 30. SAED pattern of Ge nanocrystals in Figure 32 (a).  
 
To gain further insight of the composition of the nanoparticles and confirm the 
nanoparticles are crystalline as well as provide more evidence to prove the nanocrystals are 
Ge nanocrystals, SAED and HRTEM were measured and Fast Fourier transform (FFT) 
analysis was conducted, as shown in Figure 30 to 33. In Figure 30, SAED pattern confirms 
that these nanoparticles are crystalline and the measured d-spacing is 3.4 Å, 3.0 Å, 2.0 Å, and 
1.7 Å, consistent with cubic crystalline Ge for (111), (200), (220) and (311) plane, although 
there is a difference between the d-spacing of (111) and (200) compared to theoretical value, 
which should be 3.3 Å and 2.8 Å, respectively. The measured d-spacing of (111) plane is 3% 
larger than the expected value of 3.3 Å and (200) plane is 7% larger than the expected value 
of 2.8Å, while the d-spacing of (220) and (311) are consistent with the expected value of 2.0 
Å, and 1.7 Å, implying these nanocrystals have inhomogeneous lattice strain. The lattice 
asymmetry indicates a noncubic crystal structure. The inhomogeneous strain have been 
reported for C, Si and Ge nanocrystals, and the study for Iijima showed a strain as high as 
10.3% for large Si nanocrystals.81–86 As indicated by TEM, the nanocrystal size has a range 
from 10 to 100 nm range, thus it is not unexpected that a strain of 7% is present for the large 





Figure 31. HRTEM image of a Ge nanocrystal synthesized with octylamine. The inset shows 




Figure 32. HRTEM image of a Ge nanocrystal synthesized with octylamine; (b) zoom-in 




Figure 33. (a) TEM image of a Ge nanocrystal synthesized with octylamine; (b) zoom-in 
image of the area circled in (a) and (c) the corresponding FFT pattern indexed to diamond 
cubic Ge. 
HRTEM shows the clear lattice planes of these nanocrystals, as shown in Figure 31, 
35 and 36. In Figure 31, the nanocrystal with clear lattice has a size around 15 nm and the 
measured d-spacing of 3.6 Å and 2.1 Å are 10% smaller and 5% smaller than the expected 
values of 4.0 Å and 2.3 Å for (110) and (211) planes, respectively, implying the presence of 
significant strain within this nanocrystal. In Figure 32, the nanocrystal is around 50 nm in 
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size and lattice planes are clear. The different contrast throughout the nanocrystal is probably 
due to the organics. The measured d-spacing of 2.1 Å is 5% larger than the expected value of 
2.0 Å for (220) plane while the measured d-spacing of 1.2 Å is consistent with the expected 
value of 1.2 Å for (422) plane. The nanocrystal with clear lattice planes in Figure 36 has a 
size around 60 nm, the measured d-spacing is also 2.1 Å and 1.2 Å, same with the 
nanocrystal with in Figure 35. Therefore, the HRTEM and the analysis imply the presence of 
Ge nanocrystals.  
 
 





Figure 35. Raman spectrum of Ge nanocrystals synthesized with octylamine.  
 
To further confirm the nanocrystals are crystalline Ge, Raman spectra were collected. 
Figure 34 shows a representive Raman prectrum, which shows an asymmetric peak 
corresponding to optical phonon mode of Ge-Ge bond at 290 cm-1. As mentioned above, an 
asymmetric peak with a location shifted to a lower frequency compared to the bulk phase 
indicates the domain of the crystals are small. Therefore the asymmetric peak at 290 cm-1 
confirms the presence of Ge nanocrystals. Figure 35 shows a Raman spectrum collected for 
one spot of the sample during the measurement. The peak at 281 cm-1 , 568 cm-1, 2003 cm-
1and 297 cm-1 are attributed to Ge-Ge bond, Si-H rocking, Si-H stretch and C-H stretch, 
respectively. The presence of Si-H bonds and C-H indicates that trisilane and octylamine was 
not removed completely during the washing and drying process.   
 
Figure 36. XRD patterns of Ge nanocrystals synthesized with octylamine (red curve) and the 
background (blue curve). Cubic Ge reference: PDF # 00-004-0545. 
 
Powder XRD pattern was collected to prove the presence of crystalline Ge. As shown 
in Figure 36, the peaks corresponding to crystalline Ge are absent, similar for the samples 
50 
 
synthesized with oleylamine. Since the data collected from TEM, SAED, Raman all indicate 
that Ge nanocrystals are present, the absence of the crystalline Ge peaks in XRD is again 
attributed to the low yield of the reaction. Further study is required to understand the factor 
responsible for the reaction yield and how to improve it.  
 
Figure 37. (a) Absorption spectra of Ge nanocrystals synthesized with octylamine with 
different reaction time.  (b) Zoom-in of the absorption spectra in (a).  
 
For the application in integrated photonics, Ge nanocrystals are expected to have 
emission in the infrared range. PL spectra were collected to show optical properties of the Ge 
NCs synthesized. PL spectra (not shown) indicate the absence of PL from the obtained Ge 
NCs, which could arise from surface defect, impurities or lattice strains.20,86 Absorption 
spectra were collected to gain insight into the nucleation and growth mechanism of the 
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reaction as well as provide information of the bandgap of the as-synthesized Ge nanocrystals. 
Figure 37 (a) shows the absorption spectra of the sample with different reaction time (from 0 
s to 3600 s) and Figure 37 (b) is the zoom-in version of Figure37 (a) to have a closer 
comparison. As shown in the Figure 37, when there is no trisilane added, the sample starts to 
absorb light around 400 nm and there is a shoulder in the curve around 350 nm, which is 
tentatively attributed to the complex between octylamine and GeI2, further characterization 
and analysis is needed to confirm this assignment. Once trisilane is added, the spectra change 
significantly and do not have any peaks, consistent with the absorption spectra for Ge 
nanocrystals.23 After adding trisilane, the samples start to absorb light in the range of 700 to 
900 nm.  
 
 
Figure 38. Tauc plots of Ge nanocrystals synthesized with octylamine with different reaction 





Figure 39. Tauc plots of Ge nanocrystals synthesized with octylamine with different reaction 
time. The intercept of the dash lines represents the band gap.  
 
Tuac plots of (αℎ𝑣𝑣)n versus ℎ𝑣𝑣 have been shown to provide information of the band 
gap of nanocrystals, where α, ℎ and 𝑣𝑣 present absorption coefficient, Planck’s constant, and 
frequency, respectively. 87–89  The value of n is 2 for direct band gap and 0.5 for indirect band 
gap semiconductors. 0.5 was taken as n since bulk Ge has an indirect band gap. Tauc plots of 
samples with different reactions time are shown in Figure 38. The intercept of the two dash 
line in the figure is the band gap of the sample with the reaction time of 15 s. The indirect 
band gap values of the Ge nanocrystals with different reaction time are plotted in Figure 39. 
Generally, the band gap decreases as the reaction time increases, with several exceptions. 
This is consistent with the prediction from quantum confinement, which predicts an increase 
in band gap as the crystal size decreases, indicating the growth of the nanocrystals over time. 
Based on this figure, the indirect band gap of Ge nanocrystals with reaction time of 1 hr or 
less is in the range of 1.8 to 2.0 eV, which is significantly higher than the bulk indirect band 
gap of Ge (0.67 eV). It is possible that the Ge nanocrystals are small, which have strong 
quantum confinement effect that results in a significant increase in band gap. However, there 
are a few possibilities for this result. Firstly, the band gap obtained from this Tauc plot might 
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not be correct for our samples, it has been demonstrated that Tauc plots may not provide a 
satisfactory linear region.40 Secondly, the sample was diluted with anhydrous toluene at the 
specific time, however, the reaction might still be proceeding over transferring and the 
measurement, so the data collected might not be representative for the reaction time 
indicated. And the dispersion was cloudy initially, giving absorption with scattering. 
Although the dispersions seemed to be transparent after settling for a few minutes during the 
first measurement, scattering might still be present, which would result in non-accurate 
interpretation during Tauc analysis. Further measurements and analysis are required to draw 
conclusion. 
 
4.3.4 Ge nanocrystals from GeCl2 with octylamine 
GeCl2 has been used for GeTe nanocrystal synthesis.90–93 To the best of our 
knowledge, however, GeCl2 has not been used as the single precursor for Ge nanocrystal 
synthesis. Inspired by the result that Ge nanocrystals were successfully synthesized from 
GeI2 with trisilane, we hypothesized that Ge nanocrystals can be synthesized with GeCl2 and 
trisilane. To test this hypothesis, we replaced GeI2 with GeCl2 in the typical synthesis of Ge 
nanocrystals. Figure 40 shows TEM of one representative feature of the sample synthesized 
with GeCl2. There are quasi-spherical nanoparticles with the size ranging from a few 









Figure 41. (a) TEM image of Ge nanocrystals synthesized with GeCl2. (b) SAED for the area 
in (a). 
 
Figure 41 (a) shows another representative feature of the sample, which contains a 
cluster of nanoparticles with different morphologies. To confirm that these nanoparticles are 





Figure 42. (a) TEM image of a Ge nanocrystals synthesized with GeCl2. (b) the 
corresponding FFT for the nanocrystal shown in (a).  
confirms that crystals are present in this area. The measured d-spacing of 2.4 Å, 2.0 Å, 1.8 Å, 
1.4 Å and 1.3 Å, consistent with cubic crystalline Ge for (211), (220), (311), (400) and (331) 
plane. There is a 4% and 6% difference between the d-spacing of (211) and (311) compared 
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to theoretical value, which should be 2.3 Å and 1.7 Å, respectively, indicating that there is 
asymmetric strain in the nanocrystals in this area. This is similar to the Ge nanocrystals 
synthesized with GeI2. It is possible that the approach to synthesize Ge nanocrystals with 
trisilane at room temperature results in Ge nanocrystals with noncubic crystal structure. 




Figure 43. (a) TEM image of a Ge nanocrystals synthesized with GeCl2. (b) HRTEM of the 
area circled in (a). 
Figure 42and Figure 43 show additional TEM images of nanocrystals that have non-
spherical shapes synthesized with GeCl2. Figure 42 (b) is the FFT of the nanocrystal 
presented in Figure 4.2 (a), the measured d-spacing are labelled in the image, which are 3.3 
Å, 2.8 Å, 2.6 Å and 1.5 Å. While 3.3 Å, 2.8 Å and 1.5 Å match well with the d-spacing of 
(111), (200) and (321) plane (3.3 Å 2.8 Å and 1.5 Å, respectively) in cubic Ge, the 
assignment of 2.6 Å is difficult to determine. Figure 43 (b) shows the HRTEM with clear 
lattice planes of the circled area in Figure 43 (a), confirming the presence of nanocrystals.  
There are also small spherical nanocrystals with a size ranging from 2 to 4 nm. From 
TEM, the Ge nanocrystals have different morphologies and size, as shown in Figure 44.  
 





In conclusion, we successfully synthesized Sn and Ge nanocrystals from GeI2 and 
GeCl2 with trisilane using a colloidal approach at room temperature. TEM and XRD results 
confirm the presence of Sn nanocrystals. TEM results clear show the presence of 
nanocrystals, FFT analysis, SAED and Raman confirm that these nanocrystals are crystalline 
Ge. The synthesis method is a one-pot facial approach which does not require energy input. 
Compared to other methods for making Ge nanocrystals, this approach generally takes less 
time and does not require expensive or complicated equipment, therefore provide a 
promising route for the synthesize of Ge nanocrystal in large scale for different applications.  
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CHAPTER 5. CONCLUSIONS AND FUTURE WORKS 
5.1 Conclusions 
In summary, we demonstrated that a facial and scalable solid-state method as well a 
simple room-temperature colloidal method of Ge nanocrystals synthesis. For the solid-state 
synthesis, we employed a hydrolysis of GeCl2·dioxane to obtain amorphous germania glass, 
which was then annealed at elevated temperature in inert atmosphere. Ge nanocrystals 
formed during this process with the elemental Ge resource from the disproportionation of 
germania glass. XRD indicated the lowest temperature required for the formation of Ge 
nanocrystals was 325 °C, where peaks corresponding to cubic Ge started to appear. Where 
Raman and XPS results imply that the presence of small Ge nanocrystals at the annealing 
temperature of 250 °C. Raman and XPS results also provided insight into the low 
temperature required for the formation of Ge nanocrystals. Ge-Cl bond was present after 
hydrolysis, while Ge-Cl bond has a lower dissociation energy than Ge-O, indicating a lower 
energy input is required to break Ge-Cl than Ge-O, which could be the reason for the low 
temperature synthesis of Ge nanocrystals.  
We also demonstrated a colloidal method to synthesize Ge nanocrystals at room 
temperature with different precursor. This approach employed trisilane as the reducing agent, 
both GeCl2 and GeI2 were proven to be the proper precursors for Ge nanocrystals formation. 
TEM images clearly showed the presence of nanocrystals, while SAED, FFT analysis and 
Raman further confirmed the presence of Ge nanocrystals. XRD patterns did not have peaks 
corresponding to crystalline Ge, implying the low yield of the reactions. Absorption spectra 
provided optical properties of the Ge nanocrystals.  
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These two approaches are both simple and do not require complicated process or 
expensive equipment, providing promising routes for large-scale synthesis of Ge 
nanocrystals for various applications.  
5.2 Future Works 
As mentioned in Chapter 4, further investigation is required for several aspects. 
Firstly, XRD patterns indicates the absence of crystalline Ge although other results clear 
demonstrate the presence of Ge nanocrystals, implying the low yield of the reactions. 
However, to be applicable for large-scale synthesis, higher yield is required. To achieve high 
yield, changing the concentration and/or the amount of amine, increasing trisilane used, 
increasing reaction temperature, adding materials that are beneficial for crystalline could be 
tested. Secondly, the as-synthesized Ge nanocrystals have different morphologies and size. 
Attempt to control the morphology and size of these nanocrystals is necessary. Thirdly, PL is 
absent for the Ge nanocrystals synthesized with this approach. However, PL is required for 
Ge nanocrystals for be applied in the optoelectronics. Factors resulting in the absence of PL 
should be identified and attempt should be made to synthesize Ge nanocrystals with PL. In 
addition, the mechanism for the formation of Ge nanocrystals at room temperature is not 
understood. Additional characterizations, such as in-situ Raman, are required to provide more 
information about the reaction process and further investigation is needed to understand the 
mechanism for the reactions. Moreover, trisilane is proven to be applicable for Ge 
nanocrystal synthesis, which indicates it could be applied to for synthesizing other 
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